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1. Introduction 

Visible and near-infrared antireflection (AR) coatings 
are indispensable to modern optical and electro- 
nical systems. The present trend in all these sys- 
tems is to have improved optical performance over a 
Aider spectral range, which makes it necessary to 
have efficient AR coatings with respect to residual 
reflection loss, transmission efficiency, spectral cov- 
erage that ranges from the visible to the near- 
infrared region, angle-of-incidence stability, 1 " 3 and 
durability against adverse terrestrial and space con- 
ditions. 2 Apart from these, the manufacturing pro- 
cess should have a high degree of consistency to 
enable easy reproducibility with consistent perfor- 
mance. As a result, AR coating development and 
applications call for a multidisciplinary approach, 
from design optimization to production techniques. 

Visible and near-infrared AR coatings are studied 
from various view points, 3 " 10 which can be grouped 
under the following: (1) exclusive studies on the de- 
sign optimization of AR coatings 3 " 7 and (2) applica- 
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tion of different processing and monitoring 
techniques such as optical monitoring and high- 
energy ion-beam deposition and electron-beam 

evaporation. 8 " 11 „ 0 „ 0 t. 

The former category of investigations has gener- 
ated a wide range of efficient designs, generally con- 
fined to specific substrates that have refractive 
indices of 1.45 and 1.52. However, many of the de- 
signs fall short of realization in practice either be- 
cause of the nonavailability of compatible stable/ 
durable materials and the adaptability for generally 
available deposition techniques or because of compli- 
cated layer structures. These limitations restrict 
the whole range of efficient designs. The latter cat- 
egory of investigations has been successful in the 
application of different preparation and monitoring, 
techniques that allow the production of efficient AK 
coatings. In spite of these extensive investigations 
there are problems that have not been addressed and 
systematically studied. In particular, they are: 

(1) AR coatings are required to be deposited on a 
variety of optical glasses that are : known to .have dif- 
ferent refractive indices ranging from 1.45 to 1.8 and 
different chemical compositions, mechanical hard- 
nesses and environmental stabilities. 12 14 

(2) Coatings that have different spectral efficien- 
cies, in terms of residual reflection loss transmission 
efficiency, and angle of incidence stability, are used 
for different situations. 2 
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In addition, it may arise that a particular design 
and an experimental process, including materials 
and method of deposition, may not hold good for all 
variety of glasses because of diverse optical, chemical, 
and mechanical properties. The present investiga- 
tion aims at studying systematically the design and 
development of visible and near-infrared AR coat- 
ings, focusing attention on the following specific prob- 
lems: (1) Comprehensive design solutions for all 
varieties of AR coatings on different types of optical 
glasses, including a discussion of the impact on ex- 
perimental production; and (2) Preparation/charac- 
terization of AR coatings on different types of known 
optical glasses, in which the scope of the materials 
and the method of deposition to produce efficient 
coatings are examined specifically. 

Starting from a critical review of optical materials 
applicable for visible and near-infrared AR coatings, 
we present first the investigations of the preparation 
and characterization of optical thin films, namely 
Substance H2 (Sub2) from E. Merck, Darmstadt, Ger- 
many, and magnesium flouride (MgF 2 ), followed by 
design optimization of low-loss AR coatings. In 
design-optimization studies the interrelation among 
the various optical properties of optimized designs 
are specifically examined and presented. The pro- 
duction of AR coatings on different optical glasses 
and the AR coating's optical properties and durability 
are subsequently discussed. The consistencies in 
optical properties and durability of AR coatings are 
also highlighted. 

2. Optical Material Combinations 

In design and development of low-loss AR coatings, 
we need not emphasize the importance of the MgF 2 
material that can be paired with other medium- and 
high-index materials such as silica (Si0 2 ), alumina 
(A1 2 0 3 ), and oxides of tantalum, titanium zirconium, 
and niobium. Even though many efficient designs 
have been generated with these materials in a variety 
of ways, 3 - 715 ' 17 a paired combination of MgF 2 and a 
high-index material is the preferred one. The high- 
index material is generally selected from oxides of 
titanium, tantalum, zirconium, and niobium to make 
use of the inherent advantages of a high-index ratio 
to produce efficient AR coatings. 3 - 6 - 16 * 17 

However, our critical review of the literature shows 
that each of these high-index oxides has a problem 
that affects the optical properties and the durability 
of the AR coatings. Ti0 2 is prone to structural 
transformation, and the multilayer coatings that con- 
sist of Ti0 2 have shown failures such as tensile frac- 
ture and delamination. 18 Tantalum pentoxide 
(Ta 2 O s ) is susceptible to developing coating defects 
such as nodules 19 when it is deposited under the 
higher oxygen partial pressure and substrate temper- 
atures (250-300 °C) that are invariably used to pro- 
duce transparent coatings. 11 * 20 Zirconium oxide has 
a deficiency in that the optical layers are generally 
inhomogeneous, affecting the optical performance of 
the AR coatings. 21 

We believe that any of these problems, either alone 



or in combination, can play an adverse role in the 
development and production of multilayer AR coat- 
ings. Particularly in situations of large-volume pro- 
duction, the use of these oxides may affect the 
production efficiency because of the limited procos ? 
window for efficient coatings. Even though niobium 
pentoxide (Nb 2 O s ) has a refractive index higher than 
any other oxide material, there are reports of the 
application of this material in AR coating develop 
ment with only reactive RF sputtering. 1416 All 
these problems suggest the application of new mate 
rials for the development and production of multi- 
layer AR coatings. 

There are reports of investigations on homoge- 
neous mixed-oxide dielectric thin films consisting of 
ZrTi0 4 and Zr0 2 (Subl 21 ) and composite optical coat- 
ings such as Ta 2 0 5 +Si0 2 (E. Merck, Germany >. 
Ti0 2 +Ta 2 0 5 23 and Si0 2 -hTi0 2 . 24 - 25 While the com 
posite oxide coatings were prepared by codepositioc 
techniques, the former is from a homogeneous mixed- 
oxide dielectric optical material of the same compo- 
sition. 21 In composite optical coatings, the optica] 
properties and the thickness of the coatings an: 
highly sensitive to relative geometric positions of tht- 
individual source materials and the substrate, anc 
the mixing ratios should be controlled within the de- 
sired limits to achieve homogeneous optical proper 
ties. 24 These two factors have adverse implication 
in the application of composite coatings for the devel 
opment and the production of AR coatings. How- 
ever, homogeneous mixed-oxide material, Subl, can 
be used for the preparation of homogeneous optica, 
coatings with an even simpler technique, electron- 
beam evaporation. 21 Therefore one of the objective; 
of our investigation is to explore the range of a ma 
terial that belongs to this family for AR coating de- 
velopment and production. 

3. Optical Material Preparation and Characterization 

A. Refractive Index of Sub2 Thin Films 
Sub2 optical coating material supplied by E. Merck i? 
deposited on optically polished and cleaned quam 
substrates by electron-beam evaporation. Prior to 
deposition the chamber is pumped to a base pressure 
of 10 " 5 mbar or better, and high-purity dry oxygen i* 
allowed into the chamber in order to obtain a pre* 
sure of 10" 4 mbar. Single-layer Sub2 films are de- 
posited at an evaporation rate of 0.05-0.1 nm/s at a 
specific substrate temperature in the range from am- 
bient to 250 °C. The substrate temperature is mon- 
itored to within an accuracy of ±2 °C. The depositee 
coating thicknesses are in the range 150-200 nm. 

The optical properties of the films, namely reflec- 
tance R and transmittance T, are characterized with 
the Hitachi double-beam spectrophotometer, Model V 
3400, over the wavelength range 400-2000 nm. The 
instrument is calibrated, a priori, to the reflectance 
and transmittance measurements. For the reflec- 
tance measurement, a 5° specular reflectance acces- 
sory is used. From the measured R and T data, 
refractive index n and absorption index k are evalu- 



6340 APPLIED OPTICS / Vol. 36. No. 25 / 1 September 1997 



Q_ 

O 06 

cn 
Cl 



< o.i 
cc 



1 REFLECTANCE, R 

2 TRANSMITTANCE, T 

3 R + T 




1000 1S00 

WAVELENGTH, A nm 



Fig. 1. Spectral properties for Sub2 thin films deposited at 
200 °C. 



ated by directly solving the R and T equations with the 
numerical iteration technique. 26 This results in the 
evaluation of n and k over the desired wavelength 
range for a preset value of film thickness, which may 
be either underestimated or overestimated. 27 How- 
ever, by adapting the continuous dispersion curve cri- 
teria, 28 we determine the exact film thickness to an 
accuracy of 0.5 nm, which ultimately results in the 
determination of n and k values to within the accura- 
cies of 0.005 and 0.002, respectively. These uncer- 
tainties are mainly caused by errors in the 
measurements of R and T. 

In Fig. 1 , the measured R and T values and the sum 
of the jR and T values are presented for a film depos- 
ited at 200 °C. Note that the sum of the R and T 
values is equal to 1.0 ± 0.01 over the considered 
spectral range, indicating that the film is transpar- 
ent. The refractive index and the associated un- 
wanted solutions, derived from the optical constants 
evaluation, are shown in Fig. 2. Because the film is 
transparent, the derived absorption index values are 
not explicitly shown. They are, however, within 
0.00 1 . The film has a refractive index in the range of 
2.1-1.95 over the spectral region 400-2000 nm. 

The present values for Sub2 are close to those re- 
ported for Subl, 21 which is the first version of homo- 



geneous mixed-oxide dielectric material, consisting ^ 
ZrTi0 4 and Zr0 2 - in a definite proportion. Even\ 
though the refractive-index values of Sub2 are close 
to those of Subl, there are differences between the 
two, which are observed in the present investigation. 
Sub2 material melts like Ta 2 0 5 , prior to evaporation, 
while melting was hardly observed in Subl. Also, 
smooth evaporation, devoid of spattering, was consis- 
tently observed in Sub2, contrary to the intermittent 
occurrence of spattering in Subl. While the evapo- 
ration rate of Sub2 could be controlled easily within 
the range 0.1-0.2 nm/s, Subl exhibited considerable 
fluctuations in deposition rate. 

It follows from examination of the dispersion curve 
and the associated multiple solutions in Fig. 2 that 
there are no abrupt breaks in the dispersion curve, 
which is a direct indication of the film being optically 
homogeneous 29 in contrast with the inhomogeneous 
nature of Zr0 2 films. 21 The substrate temperature 
dependence of the refractive index is presented in 
Fig. 3, where the refractive indices of the films, de- 
posited at different substrate temperatures, are pre- 
sented. It may be important to add that in these 
categories of films, which were prepared either at 
room temperature or at elevated temperatures, the 
sum of R and T never deviated from 1.0 ± 0.01, which 
is an advantageous feature of the Sub2 material not 
observed in other high-index optical materials such 
as oxides of Ti, Ta, and Zr. The earlier investigators 
observed, particularly in the case of Ta 2 0 5 , u ' 20 that 
the films deposited at elevated temperatures ranging 
from 250 to 400 °C and at evaporation rates <0.25 
nm/s are nonabsorbing and homogeneous, and at 
lower temperatures the films show signs of absorp- 
tion and positive inhomogeneity. In light of this, the 
Sub2 material is more advantageous and has scope to 
produce transparent coatings at lower substrate tem- 
peratures, the feature of which is exploited in the 
present investigation. 

From Fig. 3, one can see that while room- 
temperature films have the lowest refractive-index 
values, the films deposited at elevated temperatures 
have higher refractive-index values. Even though 
the room-temperature films are transparent, the 
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Table 1. Dispersion Constants for Sub2 Rims 



i e i n per a ture 
(°C) 


A 


B (nmj 2 x 10 4 


C (nm)" 1 x 10 !l 


Ambient 


1.82675 


16.551 


-20.367 


150 


1.89915 


1.3320 


0.33018 


200 


1.92211 


1.3995 


3.11842 


250 


1.94227 


3.0956 


1.6889 



refractive-index values are as low as 1.8 in the near- 
infrared region. Also, the n values for films depos- 
ited even at elevated temperatures (200-250 °C) are 
lower than those for Ta 2 O s and Nb 2 0 5 . 1117 ' 20 From 
the refractive-index data, dispersion constants are 
derived with a polynomial equation of the type n ~ 
A + B/\ 2 + C/\ 4 , where A, B, and C are the Cauchy's 
dispersion constants and \ is the wavelength in nano- 
meters. The dispersion constants are presented in 
Table 1. From the magnitude of the dispersion con- 
stants, it can be inferred that the films deposited at 
intermediate temperatures, 150-200 °C, are less dis- 
persive. 

B. Refractive Index of MgF 2 Thin Films 

In the present investigation of multilayer AR coating 
development and production, we chose MgF 2 mate- 
rial as the low-index optical material. Even though 
the optical properties of MgF 2 thin films have been 
investigated extensively, 30 - 32 we reinvestigated to 
obtain a priori knowledge of the optical properties of 
the MgF 2 coatings prepared in our laboratory under 
specific deposition conditions intended to be used in 
the AR coating development and production. In 
view of the excellent optical properties of Sub2 coat- 
ings achieved at 200 °C, we propose that this sub- 
strate temperature also be used for the deposition of 
MgF 2 coatings. 

Single-layer coatings of MgF 2 are deposited at 
200 °C on plane-parallel glass . substrates. During 
evaporation the deposition rate and the chamber pres- 
sure are maintained at 0.3-0.5 nm/s and 2 X 10~ 5 
mbar, respectively. Optical transmittance of the de- 
posited coatings is characterized in the manner de- 
scribed above. For evaluation of the refractive index 
of the coatings from the measured transmittance, only 
the peak transmittance T peak at a particular wave- 
length \ peak is considered. In fact \pe ak corresponds 
to the wavelength at which the reflectance of the coat- 
ing is minimum. At this wavelength T & is a func- 
tion of substrate refractive index n s and fum refractive 
index n f and is independent of coating thickness. The 
exact form of the equation is given by 33 



4.0 n r 2 n s 



Equation (1) can be rewritten as 



(1) 



n/+An/ + n, 2 = 0, (2) 
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where A = n s 2 + 1 + (4^/T peak ). Equation 
explicitly solve for n f in terms of n and T 

' s peak 

(^Vcak)_ l 



(2) can 



(n s - 1.0) 2 



(3) 



For a measured value of T peak , one of the solutions 
corresponds to the refractive index of the film at the 
wavelength that corresponds to \ peak . We adapted 
the above simple evaluation procedure for MgF 2 thin 
films rather than the more generalized procedure de- 
scribed in Subsection 3. A because our extensive stud- 
ies of refractive-index evaluation of low-index 
coatings deposited on high-index substrate [such as 
ThF 4 /Ge, CdSe/Ge, and CdTe/Ge (Ref. 26)] show 
that because of too many missing solutions at the 
regions corresponding to the intersection of the ac- 
tual dispersion curve and the unwanted solutions 
(denoted by A in Fig. 2), continuous dispersion curve 
criteria cannot be applied precisely as in the case of 
high-index Sub2 films. Hence the refractive index of 
the coating cannot be determined accurately. The 
present evaluation procedure is devoid of these com- 
plications. Therefore, following this procedure, we 
evaluated refractive indices of the MgF 2 coatings de- 
posited on different glass substrates and the results 
are presented in Table 2. 

From Table 2 results it follows that the refractive 
index of the MgF 2 thin films is close to 1.35 ± 0.01 over 
the wavelength range 500-900 nm, which is observed 
irrespective of the substrate on which the films are 
deposited. Note that the present values are lower 
compared with the extensively reported values of 
1.38-1.37 in the literature for a similar category of 
films 30-^2 f 0 investigate the reasons for this discrep- 
ancy, we evaluated the probable deviations Avowing 
to uncertainties in the T peak measurement (see Table 
2). Values of A/^are within +0.013 and -0.014 and 
+0.029 and -0.034 corresponding to ±0.2% and 
±0.5% measurement errors, respectively, for films de- 
posited on low-index quartz substrates. These values 
tend to be higher for films deposited on higher-index 
substrates. Because a small error in the transmit- 
tance measurement can cause larger deviations in «,-. 
the observed difference between our results and the 
reported values can be attributed to measurement un- 
certainties. Because our results are close to 1.35 z 
0.01, the refractive index value of the MgF 2 layers is 
set to 1.35 in the design-optimization exercises and in 
the subsequent calculations related to theoretical and 
experimental comparison. 

4. Design Optimization 

The aim of the design-optimization exercise is to 
generate low-loss AR coating designs, which are 
useful in visible and near-infrared regions, on glass 
substrates that have refractive, indices in the range 
1.45-1.784. We are limited here in that the ulti- 
mate designs are required to be based on a single 





Table 2. 


Refractive Index of MgF 2 


Coatings on Different Glasses at Different Wavelengths 0 






Refractive 








An for 


An for 


Glass 


Index N„ 


kpeak (nm). 


T . (%) 

1 peak * /c > 




AT = ±0.0005 


A7 1 = ±0.002 


Quartz 


1.450 


445 


95.05 


1.375 


-0.034 


-0.013 










+0.029 


+0.012 




1.450 


470 


95.37 


1.355 


-0.030 
+0.026 


-0.012 
+ 0.011 




1.450 


496 


95.21 


1.363 


-0.033 • 
+0.028 


-0.012 
+0.011 




1.450 


530 


95.22 


1.362 


-0.030 
+ 0.026 


-0.012 
+ 0.011 




1.450 


610 


95.27 


1.359 


-0.033 
+0.029 


-0.012 
+0.011 




1.450 


730 


95.32 


1.356 


-0.034 
+0.029 


-0.013 
+ 0.012 




1.450 


740 


95.39 


1.357 


-0.034 
+0.029 


-0.013 
+ 0.012 




1.450 


920 


95.48 


1.346 


-0.034 
+0.029 


-0.014 
+ 0.013 


UBK7 


1.550 


420 


94.29 


1.387 


-0.040 
+0.040 


-0.014 
+ 0.014 




1.520 


690 


94.93 


1.363 


-0.036 
-0.051 


-0.025 
+0.013 


UBK7 


1.520 


740 


95.00 


1.349 


-0.036 


-0.016 










+0.051 


+ 0.017 




1.520 


1230 


95.08 


1.342 


-0.038 
+0.051 


-0.014 
+ 0.014 


SK16 


1.618 


502 


94.08 


1.361 


+ 0.056 


-0.036 
+0.015 




1.618 


550 


94.11 


1.350 


— 

+ 0.046 


-0.031 
+ 0.023 




1.618 


790 


94.05 


1.358 


+ 0.051 


-0.028 
+0.021 


SK16 


1.618 


820 


94.13 


1.348 




-0.033 










+ 0.055 


+ 0.022 


SF2 


1.688 


420 


. 92.79 


1.385 


+ 0.050 


-0.029 
+ 0.023 




1.640 


700 


93.85 


1.354 


+0.50 


-0.029 
-0.023 


LAFN21 


1.784 


650 


92.05 


1.356 


+ 0.089 


-0.049 



°Substrate temperature is 200 °C. 



multilayer configuration that essentially consists of 
MgF 2 and Sub2 coating materials in alternate se- 
quence. 

Generally in the visible and near-infrared regions 
two types of AR coatings are of interest, namely, (1) 
wideband (WB) AR coatings that cover both the 
visible and the near-infrared regions and (2) 
limited-band (LB) AR coatings that operate at dis- 
crete spectral bands such as 620-680 nm and 770- 
860 nm. While the WB AR coatings are used in 
many advanced space-borne electro-optical systems 
such as star sensor optics and imaging spectrome- 
ters 3435 and in industrial optical systems such as 
infrared and visible photographic cameras, 3 the LB 
AR coatings are used in high-resolution imaging 
cameras in discrete spectral bands. 13 The WB AR 
coatings are required to have wider spectral cover- 
age and maintain a low average-reflection loss, JR av 
< 0.5%, and a high average transmission, T av > 
98%; whereas LB AR coatings should have a very 



low reflection loss, l? av < 0.2%, and a higher tran 
mission T av > 99%. We intend to demonstra. 
these dual requirements using the same multilayc 
configuration. 

To carry out the design optimization, we consider* 
a seven-layer system consisting of an alternate s 
quence of MgF 2 and Sub2, with MgF 2 being the ou 
ermost layers adjacent to the medium and tl 
substrate. Although more complex multilayer co; 
figurations may yield efficient designs in terms 
residual reflection loss and spectral bandwidth, 316 - 
we chose the seven-layer system because of its sir. 
plicity, easy adaptability for the manufacturing pr 
cess, and shorter process turnaround time. Tl 
refractive index of MgF 2 is set to 1.35 as derived fro 
the refractive-index evaluation of single-layer Mg] 
films, and n of Sub2 is derived from Cauchy's dispe 
sion relation, the constants of which are set to tho: 
corresponding to 200 °C, given in Table 1. For d 
sign optimization, we used the software optosoft. 
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Table 3. Optimized Thickness Parameters for Multilayer Anti reflection Coatings 






Type of glass 


Type of 
Design 


*i 
MgF 2 
(nm) 


'2 
Sub2 
(nm) 


MgF 2 
(nm) 


u 

Sub2 
(nm) 


t 5 
MgF 2 
(nm) 


Sub2 
(nm) 


h 
MgF, 
(nm) 


Fused 


LB 


144.0 


166.0 


29.1 


21.0 


14.0 


11.0 




Quartz 


WB 


120.4 


137.8 


15.4 


12.8 


15.4 


12.8 




1.450 


EWB 


125.4 


167.8 


45.4 


12.8 


10.4 


12.8 


O0.1 


UBK7 


LB • 


149.0 


. 181.0 . 


24.0 


26.0 


24.0 


11.0 




1.520 


WB 


120.4 


142.8 


10.4 


12.8 


25.4 


12.8 






EWB 


120.4 


162.8 


45.4 


17.8 


255.4 


12.8 


AO A 


SK16 


LB 


149.0 


186.0 


19.0 


21.0 


14.0 


16.0 


14.0 


1.618 


WB 


115.4 


137.8 


25.4 


17.8 


245.4 


12.8 






EWB 


120.4 


162.8 


45.4 


12.8 


195.4 


12.8 


40.4 


SF2/KZFSN5 


LB 


154.0 


186.0 


19.0 


31.0 


14.0 


11.0 


14.0 


1.680 


WB 


120.4 


157.8 


15.4 


12.8 


15.4 


12.8 


10.4 




EWB 


115.4 


152.8 


30.4 


17.8 


235.4 


12.8 


35.4 


LAK10 


LB 


154.0 


196.0 


14.0 


26.0 


14.0 


16.0 


14.0 


1.716 


WB 


120.4 


157.8 


10.4 


17.8 


10.4 


12.8 


10.4 




EWB 


120.4 


152.8 


40.4 


12.8 


230.4 


12.8 


30.4 


SF55 


LB 


154.0 


191.0 


14.0 


31.0 


14.0 


16.0 


14.0 


1.754 


\ITTJ 

W Jj 


1 OA A ■ 


1 C7 Q 

lo/.o 


1 f\ A 

1U.4 


1*7 Q 


1 f\ A 

1U.4 


12.8 


10.4 




EWB 


115.4 


142.8 


25.4 


17.8 


235.4 


17.8 


30.4 


LAFN21 


LB 


154.0 


201.0 


14.0 


26.0 


14.0 


21.0 


14.0 


1.784 


WB 


115.4 


162.8 


15.4 


22.8 


10.4 


12.8 


10.4 




EWB 


120.4 


157.8 


45.4 


12.8 


220.4 


17.8 


35.4 



optosoft makes use of a quadratic merit function 
(MF) defined by 

MP = |2[CR|-«i)Wi] fc } ,/ * i (4) 

where R t is the target reflectance, i? t is the instanta- 
neous reflectance, and W L is the relative weight factor 
that is defined by either W £ = R t /R £ or W £ = RJR t , 
depending on whether R t > R t or R t > R t . 37 k is the 
MF index, which can be set to any one value such as 
2, 4, 8, or 16. The summation is carried out over m 
wavelength points. This is set to 80 in the present 
analysis. Generally R t equals 0.0001 in the spectral 
range of interest, in the design optimization of WB 
and extended wideband (EWB) designs; whereas it is 
assigned a zero value in LB designs and specific non- 
zero values in the shoulder region. R t is evaluated 
with the well-known reflectance equation for multi- 
layer thin-film systems. 38 

When we consider a typical quarter-wave (X 0 /4) 
stack (X 0 equals 700 nm in WB and EWB designs and 
800 nm in LB designs) as the starting design, the MF 
optimization is carried out with a unidirectional 
single-variable search technique, the coordination de- 
scent technique, 39 - 40 in which the MF is minimized 
with respect to a particular variable by successive 
comparison of the instantaneous value of the MF 
with the preceding value when all other variables are 
kept constant. This results in the minimization of 
the MF for a particular variable. The procedure is 
repeated for all the unknown variables* namely geo- 
metrical thicknesses, in a cyclic order. Repetition of 
the entire investigation over two or three cycles yields 
an optimized design. 

Following this procedure, we generated three vari- 



eties of designs, namely LB, WB, and EWB, on differ- 
ent hypothetical substrate refractive indices that are 
equivalent to fused quartz (FQ) and to UBK7/BK7. 
SF2, KZFSN5, LAK10, SF55, and LAFN21 (brand 
names of glasses manufactured by Schott Glass Tech- 
nologies, Mainz, Germany), in which identical input 
conditions are maintained for the design optimization 
of a particular design category. However, for gener- 
ating WB and LB designs, k equals 2; EWB designs arc 
obtained by considering k equal to 8. The results of 
design optimization, specifically optimized thickness 
parameters obtained for different designs on different 
substrate refractive indices, are presented in Table 3. 
Even though we obtain the thickness parameters by 
setting the refractive index of MgF 2 equal to 1.35. 
these parameters can also be used for the seven-layer 
system, with the refractive index of the MgF 2 coating 
equal to 1.38, the validity of which we show below. 

Spectral reflectance of a few optimized designs on 
substrates with refractive indices equal to 1.618 and 
1.754 are shown in Figs. 4(a) and 4(b), respectively. 
The results show that, starting from a seven-layer 
configuration, both WB and LB designs are obtained. 
Also, in LB designs, there is a gradual variation of 
reflectance, whereas in WB designs, a nonuniform 
reflectance variation associated with ripple, that is. 
reflectance maximum i? max , is observed. Similar re- 
flectance characteristics are generated for all designs 
given in Table 3 from which salient spectral proper- 
ties [namely spectral bandwidth ratio (SBWR) (X r 
^l)> where X^ and X^ are the upper and the lower 
wavelength limits within which R < 1.0%, 0.5%, and 
0.2%; integrated reflection loss (IRL) R*; maximum 
reflectance fi max ; and minimum reflectance i? min ] are 
evaluated. For calculation of IRL R* f which also 
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represents the average reflection loss i R t 
denned band, numerical integration of 



R* 



= R{\)dK 



d\ 



within a 



(5) 



is carried out over a defined bandwidth within which 
R < 1.0%, 0.5%, and 0.2%. . 

The results of the optical properties of the designs, 
namely SBWR {\„/\ L ), IRL R*, ^ ^ ^in. are 
presented in Table 4, from which it fouows tiiat UB 
designs have the lowest spectral coverages, SBWK val- 
ues range from 1.355 to 1.393 (overall seven designs on 
different substrates) for R ^ 0.2%, the lowest IRL 
Granges from 0.04 to 0.055% for R 0 2%, and the 
Zest i? ranges from 0.003 to 0.02%, thereby sat- 
SgfeieSgn goal characteristics of very low re- 
S&eflectionlofs. Even though the design value 
of the IRL is 2 orders of magnitude lower than the 
acceptable limit of 0.2% residual reflection loss for LB 
AR coatings, such design features are necessary for 
achieving the required performance ui practice; we 
present the corresponding experimental results in Sec- 
tion 5. The EWB designs have very wide spectral 
coverage (SBWR ranges from 1.889 to 1.98 orK < 
SSgheriRL (from 0.221 to 0.372%) and higher 
R (0 21 to 0.67%). The WB designs have values 
intermediate to LB and EWB designs. Even though 



WB and EWB designs have ripple higher than LB 
designs, in some cases exceeding the tolerable limit of 
0 5% (EWB designs for FQ, UBK7, and LAK10). the 
corresponding IRL values are lower than the set limit 
of 0 5%. Because in the majority of applications ot 
WB AR coatings the average optical properties within 
the useful band are more important than the proper- 
ties at individual wavelengths, such designs can also 
find applications in practice. 

The present design-optimization results are applica- 
ble to the multilayer system in which the refractive 
index of MgF 2 layers is equal to 1.35. However most 
of the published values for MgF 2 thin films are close to 
1 38 3032 In view of this, the application ol tne 
present optimized thickness parameters for multilayer 
systems with n MgF , equal to 1.38 is verified, for which 
the geometrical thickness of the MgF 2 layers .is reeval- 
uated with the relation t ljaB = L35*i .35/ t 1 .35 is 
the MgF 2 layer thickness from Table 3). Then the 
optical properties of the designs are evaluated and 
compared with the results given in Table 4 from v. hich 
it is seen that in general there is a marginal increase m 
SBWR, IRL, and ripple R max . For example, mEWB 
design^, the maximum increase in SBWR is 3% over 
the parent values, and the increase in IRL is within 
0 05% (absolute change), whereas the increase in K 
is in the range 0.04-0.25% (absolute change). It fol- 
lows that the present results can be applied also to a 
situation with n MgF , equal to 1.38, with only marginal 
changes in the spectral properties of the designs. 

A close study of the results of SBWR and IRL pre- 
sented in Table 4 shows that for a given design 1KL, 
S Ts directly proportional to SBWR. The propor- 
tionality of variation is quasi-linear in the case of LB 
designs, as is evident from the results inFig^5. lhe 
degree of nonlinearity increases in WB and EWB 
designs. Correlation of SBWR values with ripple 
R indicates that the increase in useful bandwidth 
is m mvariably associated with higher-ripple R max - 
This, however, is not an unfavorable feature as long 
as the average residual reflection loss R^/IKL satis- 
fies the design goal requirements, as explained in tte 
previous paragraph. In fact, most WB and EWB 
designs fall into this category, which is evident frow 
the corresponding results given in Table 4. The sub 
strate refractive index does not have any substantia, 
effect on the optical properties of the designs; this 1. 
a natural consequence of the optimized designs. 

Spectral instability, or its reciprocal property spec 
tral stability, of AR coating designs is a useful inpu 
for the production of AR coatings. It is express* 
quantitatively in terms of spectral reflectance chang 
AR at one or more than one wavelength for prede 
termined thickness and refractive index changes, ei 
Salone or in combination.- For the AR coating 
discussed here, which are useful over a spectral bam 
spectral instability is assessed by normalized spec 
tral deviation (NSD) defined by 
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Table 4. Summary of Optical Properties of Different Designs 



Type of Glass 
N s 


Type of 
Design 


SBWR (Xy/Xj 
R < 1% 


SBWR (Xu/Xj 
R < 0.5% 


SBWR (Xy/Xj 
R =s 0.2% 


IRL fl* (%) 
R < 1% 


IRL R* (%) 

R :£ 0.5% 


IRL R* (%)R 
< 0.2% 


(%) 


(7ri 


Fused 


LB 


1.565 


1.456 


1.355 


0.245 


0.125 


r\ rtr- 
U.UDO 


0.003 


0.0008 


Quartz 


WB 


1.730 


1.618 


1.438 


0.220 


0.119 


O.Ubz 


0.140 


0.004 


1.450 


EWB 


1.960 


1.830 


1.713 


0.301 


0.251 




0.670 


0.08 


UBK7 


LB 


1.624 


1.500 


1.382 


0.229 


0.113 


U.U4-* 


0.01 


0.0002 


1.520 , 


WB 


1.820 


1.745 


1.667 


0.222 


0.153 


rv -\ on 


0.32 


0.03 


EWB 


1.922 


1.798 


1.385 


0.372 


O.OUo 




U.OU 


0.007 


SK16 


LB 


1.634 


1.489 


1.380 


0.263 


0.107 


f\ f\A £ 

U.U40 


0.005 


0.0009 


1.618 


WB 


1.820 


1.733 


1.651 


0.252 


0.151 


U.lzl 


Ann 
0.19 


0.02 


EWB 


1.971 


1.824 


1.616 


0.233 


0.160 


0.112 


0.21 


0.003 


SF2/KZFSN5 


LB 


1.586 


1.468 


1.358 


0.226 


0.111 


0.044 


0.003 


0.00 


WB 


1.666 


1.545 


1.445 


0.220 


0.108 


0.060 


A AO 

0.08 


0.002 


1.640 


EWB 


1.920 


1.762 


1.563 


0.298 


0.219 


o.iyi 


A QCO 


A Al C 

0.015 


LAK10 


LB 


1.618 


1.489 


1.393 


0.233 


0.100 


0.04U 


A AO 

0.02 


A AA1 
0.001 


1.716 


WB 


1.626 


1.501 


1.404 


0.196 


0.115 


0.052 


O.Ool 


A Al A 
0,014 


EWB 


1.918 


1.806 


1.438 


. 0.343 


0.294 




A CI *7 


A Af\ AO 

0.000 1 


SF55 


LB 


1.588 


1.468 


1.362 


0.231 


0.111 


A f\A 1 

0.041 


A ArtC 

0.00b 


A AAA 


1.754 


WB 


1.66 


1.505 


1.408 


0.175 


0.107 




A (\A 


u.uuz 


EWB 


1.889 


1.784 


1.660 


0.221 


0.153 


0.122 


0.31 


0.0005 


LAFN21 


LB 


1.60 


1.465 


1.353 


0.245 


0.111 


0.05 


0.01 


0.004 


1.784 


WB 


1.70 


1.481 


1.366 


0.230 


0.177 


0.118 


0.10 


0.06 


EWB 


1.98 


1.901 . 


1.529 


0.290 


0.180 


0.100 


0.27 


0.09 



where AJ? Z is the spectral deviation at a particular 
wavelength \ t , \ v and \ L are the wavelength limits 
within which R is <0.5%, and 8X is the wavelength 
increment considered for summation. Ai2; is evalu- 
ated by first determining the first-order reflectance 
derivatives with respect to the thickness and the re- 
fractive index of all layers from which absolute re- 
flectance deviations are calculated from 
predetermined thickness and refractive index devia- 
tions. Summation of absolute deviations resulting 
from all layers yields AjR 4 at a particular wavelength. 

In the present analysis, coating refractive-index 
deviations are set to 0.005 and thickness deviations 
are assigned a uniform value of 1.0 nm for layers 
whose thicknesses are >100 nm. For layers whose 
thicknesses are in the range 10-40 nm, the devia- 




Fig. 5. Variation of IRL R* with respect to SBWR for different AR 
coating designs. 



tions are set to 0.5 nm. We chose these deviations by 
considering the tolerances that can be achieved in 
practice using quartz/optical thickness monitoring.* 
The results of NSD are presented in Fig. 6, where 
each point corresponds to the NSD obtained for a 
particular glass and for a particular design belonging 
to either the LB, the WB, or the EWB category. 
From the results it follows that LB designs have con- 
stant NSD values in the range 0.060-0.065%. In 
EWB and WB designs, NSD values are higher and 
vary over a wider range within which EWB designs 
have the highest NSD values and the widest varia- 
tion. The range of variation is from 0.083 to 0.1489* 
with respect to WB designs, whereas it is from 0.13 to 
0.28% in the case of EWB designs. The higher NSD 
values associated with higher-ripple i? max ^ WB ^ 
EWB designs can be attributed to nonuniform reflec- 
tance variation, which can be obvious from 41 

SR/8\ = [8R/8(Hi, d.OlSfo, d £ )/8X]. 

hR/hk is the first-order reflectance derivative with 
respect to \ and hR/h(n i9 is the first-order reflec- 
tance derivative with respect to either the thickness 
or the refractive index of the ith layer. 

When the design has substantial ripple i? max . 
§R/S\ is higher compared with a design with no rip- 
ple. From the preceding equation, it follows that 
bR/h(n if di) is higher, resulting in higher NSD's for 
designs with higher i? max . The results of NSD's and 
the associated ripples i? max were fitted to a third- 
degree polynomial equation; see Fig. 6. 

Regarding AR coating production, LB designs allow 
for better reproducibility in view of the fewest antici- 
pated changes in spectral properties owing to inherent 
manufacturing errors in coating thicknesses and re- 
fractive indices. In WB and EWB designs, consider- 
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able scatter in optical properties can be expected as a 
result of theoretically observed higher NSD's. 

5. Experimental Investigation 

The purpose of the present experimental investiga- 
tion is the study of the problems of development of 
WB and LB AR coatings on different optical glasses 
with different mechanical, thermal, and chemical 
properties and the characterization of the optical 
properties of the AR coatings, together with theoret- 
ical comparison. The problem is also focused on an 
investigation of the production efficiency of the coat- 
ings. The AR coatings are prepared in a Leybold 
Hereaus vacuum evaporation plant Model 560L by 
the electron-beam evaporation technique. The mul- 
tilayers of MgF 2 and Sub2 are deposited at a 200 ± 
5 °C substrate temperature on optically polished and 
cleaned glass substrates. The evaporation rates of 
MgF 2 and Sub2 are maintained at 0.3-0.5 nm/s and 
0.05-0.1 nm/s, respectively. The thicknesses are 
monitored with a quartz crystal monitor, which is 
calibrated a priori to ensure deposition of the correct 
thicknesses as dictated by the design. The samples 
are generally recoated on the second surface of the 
substrates that are used for the study of the optical 
properties and the durability of the coatings. 

The optical reflectance and transmittance of the 
coatings are studied with a UV-visible and near- 
infrared spectrophotometer, as explained above. Du- 
rability tests, namely high-temperature humidity, 
thermal shock/cycling, and hot-cold soak, are carried 
out in appropriate environmental chambers; and opti- 
cal properties are verified before and after each test. 
Generally, five samples are used for the investigation, 
and an average of the measured property over the five 
samples is considered as the true measured value. 

6. Results and Discussion 

The optical properties of WB and LB AR coatings 
deposited on SK16 (n 8 = 1.618) glass are shown in 
Figs. 7 and 8 along with the theoretical results from 
which it can be seen that theoretical and experimen- 
tal results agree with each other within the limits of 
experimental error. Note that even though the LB 
AR coating design on a substrate equivalent to SK16 
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Fig. 7. Experimental results of a WB AR coating on SK16 glass 
and comparison with theory. 



has reflection loss varying from 0.0009 to 0.005%, the 
observed value is in the range 0.1-0.2% (residual 
reflection loss per surface) over the desired ,spectral 
range 760-860 nm. Such a difference is mainly due 
to either the inherent error in reflectance measure- 
ment or in manufacturing, or both. Similar close 
correlation between theory and experiment is ob- 
served on AR coatings deposited on all other glasses 
except the KZ series. 

The KZ series of glasses, manufactured by Schott, 
are generally soft glasses, which are more vulnerable 
to stain formation and have a lower glass transition 
temperature. However, these glasses are often cho- 
sen in advanced refractive multielement lens systems 
because of their compatibility with other medium- 
index glasses with respect to relative dispersion. 42 
AR coating development on these glasses is not as 
routine as in other glasses and is in need of system- 
atic study. In the present investigation, preparation 
and characterization of one such type of glass, 
KZFSN5, is studied in detail. 

AR coatings are deposited at different substrate 
temperatures, and the spectral reflectance and trans- 
mittance of the coatings are characterized over the 
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Fig. 8. Experimental results of a LB AR coating on SKI 6 glass 
and comparison with theory. 
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(CO 700 

WAVELENGTH.^ nm 
Fig. 9. Spectral reflectance and transinittance of a WB AR coat- 
ing on KZFSN5 glass. 

wavelength range 500-900 run T ^ s ^ tS co f t ^ g 
flectance J? and transmittance T for a ^^coata*. 
deposited at 200 °C are shown in Fig. 9. The results 
shZ Sat? while the AR coating on a double-side- 
SSd I&SN5 plate is able to suppress tiie reflec- 
tion loss of the substrate, from 11* to 
wavelength range 550^900 nm, the transnuttance is 
hardly better than 97% in the near-infrared and 95% 
tatE visible region, which indicates an apparent 
absorption in the deposited AR coatings ™4*v, a — 
Thiabsorptionloss spectrum, calculated with A - 
1 - R - T, is presented in Fig. 10, which shows that 
the absorption loss is considerably higher in the lower 
wavelength range. The substrate temperature de- 
pendence of A is 8 also shown in Fig. 10 in which the 
Sorption losses A that correspond to mms deposited 
at different substrate temperatures are compared^ 
It follows from these results that the loss is at a 
SiSZS at an intermediate substrate temperature 
(100 °C) This absorption loss might have been 
caused by the substrate because such a^rption 
losses are not observed in coatings deposited on all 

^os^bsStiate this, bare KZFSN5 samples are 
subjected to ion cleaning and heatmg cycles as are 
experienced in a coating-deposition cycle, and the ab- 
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WAVELENGTH,* nm 
Fig. 10. Absorption loss characteristics of AR coatings deposited 
at different substrate temperatures. 



WAVELENGTH.* nm 
Fig. 11. Absorption loss spectrum of bare KZFSN5 plates. 

sorption loss (A = 1 - R ~ T) spectra are analyzed. 
TlS corresponding results for 200 °C are ^ shown . in 
Fi c 11 along with those for samples subjected to glow 
discharge cleaning. It is obvious from the results 
that the heated substrate shows an absorption ot 
-2-3% in the visible spectrum, which is reduced to 
<0.5% in the near-infrared spectrum This is re- 
sponsible for the apparent absorption loss of the AR 
coatings in which two heating cycles result in a i min- 
imum absorption of 4-6%. The observation of ab- 
sorption loS, in the range 0.5-1.0%, for .samples 
subjected to glow discharge cleaning is attributed to 
substantial heating of the substrate dunngtheion- 
cleanirtg process. From this it is obvious that to en- 
sure a minimum of absorption loss in AR coatings on 
the KZ series glasses, the coatings are required to be 
deposited at medium substrate temperatures, obvi- 
S glow discharge cleaning. This procedure is 
also required to be implemented strictly so that the 

Sass transition temperature of these glasses is lower 
glass trans* ^ g d 

half of this temperature in order that the optical fig- 
ure parameters of the components remain unaffected 
It is possible to implement this condition and I to 
achieve optically efficient AR coatings when Sub2 is 
Sed for the AR coating process because we can 
adiieve efficient optical properties by adapting £ me- 
dium substrate temperature in the range 100-1/0 jo 
as suggested by the present studies. These coatings, 
dUrite their lesser abrasion resistance are found to 
Stand all other durability tests. Production of 
such low-absorption-loss AR coatings ' 
ine the optical components may not be possible to 
realize by P 4ie use of other high-index optical maten- 
Ss suchas TiO, and Ta 2 0 5 because t^J*^ 
require substantially higher substrate temperateres 
to produce coatings with efficient optical proper 
ties 11,20 

The WB and LB AR coatings are deposited I on some 
important Schott glasses, namely f^^^'.f^l 
SF2, KZFSN5, LAK10, SF55, and LAFN21, with the 
desim data given in Table 3 as the base. WB de- 
SgTare favored over EWB designs because they 
Sdfill our application requirements and show better 
reproducibility in practice because of lower NSDs. 
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Table 5. Optical Properties of WB AR Coatings: Theory and Experiment Compared" 



Optical 



properties 


Quartz 


UBK7 


SK16 


SF2 


KZFSN5 


LAK10 


SF55 


LAFN21 


— k L (nra) 


















T 


380 


420 


400 


340 




o4U 


Qc;n 


380 


E 


380 


420 


415 


360 


OZJKJ 


ODU 




A OA 




















T 


1.73 


1.820 


1.82 


1 fi7 




l.oo 


l.oo 


1.70 


E 


1.704 


1.803 


1.86 


1.67 


1 71 


1 fi7 
l.O / 


l.DO 


1 DO 


R min (%) 
















T 


0.01 


0.03 


0.02 


0.00 


fl flfl 




fl Afi 
U.UU 


0.07 


E 


0.18 


0.15 


0.10 


0.15 


0.13 


fl Ifi 


fl flR 


U.lZ 


R max (%) 


















T 


0.14 


0.32 


0.20 


0.08 


0.06 


0.06 


ft ft4 


A 1 A 

U. JLU 


E 


0.25 


0.51 


0.50 


0.44 


0.47 


0.31 


0.41 




IRL/K ov (%) 


















T 


0.22 


0.22 


0.25 


0.22 


0.12 


0.196 


0.175 


0.23 


E 


0.32 


0.41 


0.45 


0.40 


0.30 


0.4 


0.44 


0.27 


T BV (%) 


















T 


99.56 


99.56 


99.50 


99.56 


99.76 


99.608 


99.65 


99.54 


E 


99.3 


99.2 


99.20 


98.9 


98.4 


98.8 


98.6 


98.9 


A 


0.06 


0.00 


0.000 


0.3 


1.00 


0.40 


0.52 


0.56 



a R avt average reflectance per surface within band; T av , average transmittance within band; T t theory, E t experiment; A = 1 - 2R av - 



The salient results of the study of reflectance and 
transmittance of AR coatings are summarized in Ta- 
ble 5 for WB AR coatings and in Table 6 for LB AR 
coatings, along with the theoretical results. Table 5 
shows that the theoretical and experimental results 
are in reasonable agreement with each other with 
respect to bandwidth and bandwidth ratio. How- 
ever, experimental values are on the higher side in 
the case of i? min , R max , and IRL/i? av . The maximum 
observed deviation in the case ofi? min is 0.17% (for FQ 
glass) and 0.41% (for KZFSN5) in the case of # max . 



The observed maximum deviation in IRL, R*/R av , 
from theory is 0.24% (for SF55 glass). These devia- 
tions are, however, within the limit of measurement 
error of 0.5%, which indicates good agreement be- 
tween theory and experiment. The maximum ob- 
served deviation in T av among low- and medium- 
index glasses such as FQ, UBK7, and SK16 is 0.36% 
whereas the deviations are in the range 0.66-1.36% 
for the rest of the glasses. However, an examination 
of the unaccounted losses (1 - 2i? av - T av ), where i? av 
is the average reflectance per surface and T av is the 



Table 6. Optical properties of LB AR Coatings: Comparison with Theory and Experiment Compared 0 
Optical Fused 

properties Quartz UBK7 SK16 SF2 LAK10 SF55 



T 


250 


275 


270 


265 


285 


260 


E 


225 


230 


240 


220 


250 


240 
















T 


1.355 


1.382 


1.380 


1.358 


1.393 


1.356 


E 


1.321 


1.330 


1.340 


1.310 


1.351 


1.330 


Kmin (%) 














T 


0.0008 


0.0002 


0.0009 


0.0000 


0.001 


0.000 


E 


0.17 


0.110 


0.100 


0.100 


0.140 


0.100 


* m ax (%) 














T 


0.003 


0.010 


0.005 


0.003 


0.02 


0.006 


E 


0.220 


0.320 


0.440 




0.26 




IRL/i? uv (%) 














T 


0.055 


0.044 


0.045 


0.044 


0.04 


0.041 


E 


0.200 


0.200 


0.170 


0.130 


0.21 


0.150 


r ov (%) 














T 


99.89 


99.912 


99.91 


99.912 


99.92 


99.918 


E 


99.540 


99.40 


99.4 


99.40 


99.20 


99.20 


A(%) 


0.06 


0.200 


0.260 


0.340 


0.38 


0.50 



a R nvf average reflectance per surface within band; T mv , average transmittance within band; T, theory; E, experiment; A = 1 - 2R av - 

mv' 
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average transmittance over a given bandwidth, 
which are given in the last rows of Tables 5 and 6, 
shows that it is <0.06% for low- and medium-index 
glasses (FQ, UBK7, and SK16). The values are not 
beyond 0.6% in the rest of the glasses. The observed 
higher value (1.0%) of A in the case of KZFSN5 glass 
can be due to the residual absorption in the substrate 
induced during deposition of the coating, as we ex- 
plained above. 

From the summary of the optical properties of LB 
AR coatings presented in Table 6, it follows that all the 
LB AR coatings have an average reflection loss of 
<0.2% and a transmission efficiency of >99.4% in low- 
to medium-index glasses and 99.2% in high-index 
glasses, in contrast with the observed i? av in the range 
0.27-0.45% and transmittance in the range 98.4- 
99.3% for WB AR coatings. This superior perfor- 
mance is mainly due to the more efficient optical 
properties of the starting LB designs. The experi- 
mentally observed values in the cases of i?nun» 
R maxi and IRL/# av are on the higher side by a margin 
of 0.1-0.3% over theoretical values which are close to 
zero. This can be due to either inherent manufactur- 
ing errors or measurement errors in the characteriza- 
tion of reflection loss of AR coatings, or to a 
combination of these errors that are inseparable and 
unavoidable. The unaccounted losses A = 1 - 2i2 av 
- T av are negligible and within the limit of measure- 
ment errors as observed in the case of WB AR coatings. 

The WB and LB AR coatings are subjected to ac- 
celerated environmental tests, and the optical prop- 
erties are verified before and after each test. The 
coatings are found to withstand the following tests 
without any degradation in the optical properties: 
(1) adhesion as per MIL-M-13508C; (2) abrasion as 
per MIL-C-675C; (3) humidity as per MIL-C-675C; (4) 
thermal shock cycling, 70 to -40 °C, 1000 cycles, 5 
min dwell time; (5) thermovac cycling 70 to —40 °C, 
12 cycles, 2 h dwell time; and (6) hot and cold soak, 70 
to -40 °C, 24 h dwell time at each temperature. 

From the measured optical properties of WB and 
LB AR coatings produced from 200 batches, the stan- 
dard deviation in average transmission T av and av- 
erage reflection loss R^JR* is evaluated at the end of 
. every 20 batches of coating production, the results 
are shown in Fig. 12. The results evidently show 
that the standard deviation in T av is <0.27%, 
whereas it is <0.1% in H av . Also, among the 200 
batches, there has been no failure in any of the me- 
chanical and environmental tests. These results 
point out that the manufacturing efficiency of the 
coatings is better than 99%?, which can be attributed 
primarily to materials selection (particularly Sub2) 
and strict control of the process parameters. Sub2 
coating material has become pivotal in the achieve- 
ment of coatings of consistent durability that are free 
of cosmetic defects such as coating spatter and pits. 21 

7. Conclusions 

The present investigation addressed some of the 
problems related to visible and near-infrared AR 
coating design and development. The general con- 
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Fig. 12. (a) Standard deviation in reflectance of AR coatings pn> 
duced in consecutive intervals of batch production, (b) Standard 
deviation in transmittance of AR coatings produced in consecutive 
intervals of batch production. 



elusions that emerge from the present investigation 
are 

(1) For a given design, IRL i?*, average residual 
reflection loss i? av , and ripple i? max are interlinked to 
the spectral bandwidth of the AR coatings, the higher 
the bandwidth, the higher the R*/R av and the R uutx 

(2) Higher-ripple designs can also have global op- 
tical properties (R*/R AV and T av ) that are comparable 
with those of lower-ripple designs but they have 
higher spectral instability. 

(3) Sub2 high-index material in combination %vith 
MgF 2 allows the production of efficient AR coatings 
with the electron-beam evaporation technique, in 
terms of both optical properties and durability of the 
coatings, 

(4) Soft optical glasses are sensitive to deposition 
conditions, particularly substrate temperature. By 
virtue of its having a wider process window Sub2 
optical material allows the production of efficient AR 
coatings on these types of glasses also. 
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